Here we present results from a mapping project on the distribution of glacial end moraine zones in NW Russia, covering an area from the Baltics in the west (308E) to Taymyr Peninsula and Byrranga mountains (1208E) in the East. Several previous studies have been made in the area, but none have mapped end moraine zones in a uniform way over the whole field area. We suggest that our mapping of moraine distribution in NW Russia, covering an area of about 7 million km 2 is the most consistent to date. Much of the mapped area lies north of 608N and is thus outside coverage of the high-quality Shuttle Radar Topography Mission digital elevation model. We have been using a new digital elevation data-set consisting of digitized Russian topographic maps (scales 1:100,000 and 1:200,000), combined with optical remote sensing data to map moraine zone distribution.
1. Introduction NW Russia comprises a vast sector of northern hemisphere Quaternary glaciations and large outstanding questions concerning glaciation history still remain to be solved. Throughout the Pleistocene, marine ice sheets from the Barents-and Kara Seas have inundated northern Russia and interacted with terrestrial ice sheets from Scandinavia (Kjaer et al., 2006, p. 26; Larsen et al., 2006, p. 31) This interplay was complex both from an ice sheet dynamical and climatological perspective (Kjaer et al., 2006, p. 26; Knies, Kleiber, Matthiesen, Müller, & Nowaczyk, 2001, p. 29; Larsen et al., 2006, p. 31; Svendsen et al., 2004, p. 56) . Given the geography of Northern Russia with major rivers draining northwards, the Scandinavian-, Barents-and Kara Sea ice sheets dammed vast lakes during different glacial stages. These lakes in turn may have provoked complex perturbations in regional, and possibly global, atmospheric circulation (Krinner et al., 2004, p. 30; Larsen et al., 2006, p. 31; Lyså, Jensen, Larsen, & Fredin, 2011, p. 35; Mangerud et al., 2004, p. 36) .
There is a paucity of consistent glacial geological data in the investigated area due to its' sheer size and difficult fieldwork logistics. Only a decade ago, this led to widely contrasting views on the mode and history of ice sheets in NW Russia, ranging from ideas of vast coalescing ice sheets (Grosswald & Hughes, 2002, p. 14; Hughes, 1998, p. 20) , to restricted asynchronous ice sheet expansion (Astakhov et al., 1999, p. 3; Larsen et al., 1999, p. 32) . Several of these discrepancies were resolved through large research projects (e.g. QUEEN and PONAM) at the end of the 1990s, and are summarized by , where ice sheet limits and chronology of the Saalian (Moscovian) and Weichselian (Valdaian) glaciations are detailed. Albeit the study of , was based on fieldwork evidence and a comprehensive literature review that includes Russian literature, little original mapping was performed using optical remote sensing data augmented by digital elevation models (DEMs). Usually, mapping based on remote sensing in Russia has targeted specific areas or scientific questions (Alexanderson et al., 2001, p Astakhov, Mangerud, Matiouchkov, & Svendsen, 2002, p. 44; Punkari, 1995, p. 47) . In other areas of the world, ice sheet scale mapping of glacial geology and end moraine zones have proved valuable in deciphering the glaciation history, for example in North America (Prest, Grant, & Rampton, 1968, p. 46; Sharpe, Sharpe, & Harris, 2010, p. 51) , South America (Glasser et al., 2008, p. 13) , Scandinavia (Kleman, Hättestrand, Borgström, & Stroeven, 1997, p. 28) , the British Isles (Clark et al., 2004, p. 9; Evans et al., 2005, p. 11) , and other parts of Russia (Barr & Clark, 2009, p. 6; Hättestrand & Clark, 2006, p. 17) . In this study, we have attempted to improve documentation of glacial end moraine zones in NW Russia with the moraine map covering 308E to 1208E. When considered alongside the publications of Barr & Clark (2009) and Hättestrand & Clark (2006) this work ensures that the whole of northern Russia is covered with ice sheet scale mapping of ice marginal landforms.
Methods
Glacial end moraines and ice proximal deposits were mapped through on-screen digitization from Shuttle Radar Topography Mission (SRTM) and ViewFinder Panorama (VFP) (de Ferranti, 2012, p. 12 ) DEMs, and Landsat ETM+ optical satellite imagery. Moraines were visually identified and digitized as polylines in an ArcGIS file geodatabase. Two operators (Fredin and Rubensdotter) independently performed mapping, passing over the area at least two times at varying scales. Moraines were classified into the following three classes: (1) large moraines and ice marginal zones with a distinct morphology; (2) smaller moraines, still with distinct morphology; and (3) landforms with morphology resembling moraines, but shape or setting that makes their origin uncertain. The datasets generated by the two operators were then compared, with a approximately 90% correlation. The bulk of the two datasets could thus be merged without problem, while outliers mapped by only one operator were scrutinized by both operators and were either deleted or classified as uncertain. Several moraines in the Severnaya Dvina, Vychegda, Vaga and Vologda areas were checked during one field season.
The SRTM DEM, and it's use, is well documented (NASA, 2012, p. 43) ,while the relatively new VFP DEM has received less attention. The VFP digital elevation data are based on digitized Russian topographic maps at scales 1:100,000 and 1:200,000, with an interpolated grid resolution of 90 m, resembling SRTM data both in use and quality (de Ferranti, 2012, p. 12) . A comparison of the VFP data in northern Norway, with the Norwegian Ordnance Survey 25-meter resolution DEM, reveals that the VFP DEM depicts topography very well in low-tomedium relief terrain with errors of less than 5 m. In high relief terrain, for example on a fjord coast, the errors are larger in steep tracts but remain reliable in low relief areas. This impression was reinforced during fieldwork in the very low relief areas of NW Russia, where the VFP elevation model appeared to be as reliable as a handheld GPS unit and topographic maps. We also used the ASTER GDEM DEM (ASTER, 2012, p. 4), but these data were generally inferior to the VFP data, with noise, gaps and artefacts. The majority of mapping was performed using shaded relief images with satellite data as a supporting data set. Often, moraine identification was very difficult using satellite images alone due to heterogeneous land use, vegetation, uniform sediment composition and permafrost degradation (Figure 1 ). Shaded relief images greatly aided interpretation and were produced with varying sun angle and azimuth, as well as different colour coding, to facilitate mapping of moraine ridges of varying direction and magnitude (Jansson & Glasser, 2005, p. 22; Smith & Clark, 2005, p. 52; Smith & Wise, 2007, p. 55) .
We have restricted our mapping effort mainly to Russia, between approximately 308E and 1208E, but have also mapped end moraines in Belarus and easternmost Finland to compare our data with already published studies (Kalm, Raukas, Rattas, & Lasberg, 2011, p. 24; Karbanov & Matveyev, 2011, p. 25; Lunkka, Saarnisto, Gey, Demidov, & Kiselova, 2001, p. 34; Putkinen & Lunkka, 2008, p. 48) . We also tested our data comparing results with (Nikolskaya et al. 2002, p. 44) in the Pechora area. In general there is a good agreement between the datasets. However, it appears that this study shows more end moraine zones than older studies, and that more recent studies, utilizing the SRTM DEM (Kalm et al., 2011, p. 24) , agrees well with our observations. We have omitted the Kola peninsula and the Baltics because this work does not contribute with more data when compared to recent studies in these areas (Guobyte & Satkunas, 2011, p. 16; Hättestrand, 2006, p. 17; Hättestrand, Kolka, & Stroeven, 2007, p. 18; Kalm et al., 2011, p. 24; Raukas, 2009, p. 49) .
For cartographic reasons, the main map covers areas north of 558 and we have therefore omitted the wellknown Don and Dnieper lobes of pre-Weichselian origin that reach almost as far south as the Black Sea (Svendsen et al., 2004, p. 56) . Without this restriction there would be very large empty portions of the map to the east allowing for the big southerly lobes in the western sector.
We believe the mapped distribution of moraines to be representative of the real distribution of major moraines and ice marginal zones. However, we acknowledge that data resolution of the DEMs and optical imagery has limited the detection of smaller moraines. This is likely not a significant problem in the lowlands affected by the Scandinavian and Barents-/Kara Sea ice sheets, which appear to have deposited large moraines. Smaller moraines deposited by local glaciers in highlands may well have passed undetected. We thus consider the dataset robust at an ice sheet scale, but less reliable on a local scale.
Moraine morphology, distribution and age
Approximately 1650 moraines or moraine segments were mapped. Most of the moraine zones in the lowlands are very large and exhibit a distinct lobate morphology. Many moraine ridges are typically kilometres wide, between 20-and 100-m high and sometimes hundreds of kilometres long (Figure 1 ). In the south-western part of the area, which was generally affected by the Scandinavian Ice Sheet, moraines appear to be smooth and arcuate and are situated in wide, shallow valleys. Fieldwork in the area shows that several of these moraines consist of, or are draped by, sand which is consistent with deposition in pro-glacial ice dammed lakes (Larsen et al., 2006, p. 31; Lyså et al., 2011, p. 35) . Further to the north and east, in the Pechora basin, Gydan Penisula and Taymyr areas, which are generally affected by Barents-and Kara Sea ice sheets (Möller, Bolshiyanov, & Bergsten, 1999, p. 40; Möller, Hjort, Alexanderson, & Sallab, 2011, p. 41) , the moraines are usually even larger, and are often interconnected into intricate moraine zone systems (Figure 2 ). These moraines are generally also affected by dead-ice or permafrost disintegration. We suggest that these different moraine morphologies reflect a range of glacial deposition regimes, post-glacial permafrost conditions and disintegration, and warrant further consideration.
We have not attempted to assign ages to the mapped moraines. Instead we rely on the reconstruction of for chronostratigraphic control. From a geomorphological perspective, we note for example that moraines located outside the inferred Weichselian (Valdaian) limit (Larsen et al., 1999, p. 32; Svendsen et al., 2004, p. 56) appear to be more degraded by fluvial-and permafrost activity. Elsewhere, we note that revisions to the reconstructions of Larsen et al. (1999) , Larsen et al. (2006) and might be needed, which is also supported by (Kalm, 2012, p. 23) . Most notably in the Severnaya Dvina to Vologda area, our mapping suggests that the Last Glacial Maximum ice sheet extended about 150 km further east than previously thought (Lyså et al., 2011) (Figure 3 ). There are likely other areas to the east that also needs close scrutiny and possible revision of ice sheet extent and geometry.
Conclusions
The presented map reveals a large number of moraine zones in northwestern Russia, several of which have not been described before. The general distribution of moraines is consistent with the most recent reconstructions based on literature reviews and field work, but this study adds considerable detail and spatial coverage using laterally homogenous DEMs and remote sensing data.
It is clear that NW Russia has undergone a dynamic and complex history of expanding and retracting ice sheets emanating, at different times, from Scandinavia, and the Barents-and Kara seas. This has led to vast and complex zones of end moraines, several of which are of unknown age and origin. The picture emerging from this work has implications for reconstructing Pleistocene ice sheet history and environmental change in northern Eurasia. There are still fundamental questions remaining to be solved in this vast area, including chronology, mode and dynamics of Quaternary glaciations, all of which require concerted efforts in mapping and field work.
Software
The DEMs used for mapping were mosaicked and projected using ESRI ArcGIS 10. Shaded relief images of the elevation models were prepared using ERDAS ER Mapper. Satellite imagery was also georeferenced and processed using ERDAS ER Mapper. On-screen digitization was performed in ESRI ArcGIS 10 and final map production was performed using Adobe Illustrator CS4.
